residues at positions 9 and 10. ldiA is a highly basic protein having an isoelectric point of 1055 (mature protein). Comparison of the amino acid sequence of ldiA with protein sequences in the database revealed that ldiA has similarities t o two basic bacterial iron-binding proteins, SfuA from Serratia marcescens and Fbp from Neisseria gonorrhoeae. Insertional inactivation of the M A gene in Synechococcus PCC 7942 resulted in a mutant which was unable t o grow under iron-or manganese-limiting conditions. Manganese limitation of the mutant strain led to a drastic reduction of photosystem II activity (0, evolution) within less than 48 h, while wild-type cells required a prolonged cultivation in Mn-deficient medium before an effect on photosystem II was observed. Thus, ldiA is a protein involved in the process of providing photosystem II with manganese.
INTRODUCTION
Iron is an essential redox component in a number of enzymes and in protein complexes of respiratory and photosynthetic electron transport. Although iron is the fourth most abundant element by weight in the earth's crust, its biological availability is strongly reduced because at physiological pH Fe3+ forms insoluble hydroxides. This limitation in iron availability has led to several strategies fur iron acquisition involving iron-binding Abbreviations: Ap, ampicillin; Chl, chlorophyll; IdiA, iron deficiency induced protein A; Krn, kanamycin; MSP, manganese stabilizing protein; PS I, photosystem I; PS II, photosystem II.
The GenBank accession number for the sequence reported in this paper is 248754.
molecules (siderophnres) and the capability of storing iron during times of relative abundance. As Straus (1994) recently stated, the responses of many micro-organisms, including cyanobacteria, to limited iron availability can be divided into three categories : retrenchment (alterations and reduction in cellular structures and physiological activities), compensation (production of new proteins) and acquisition (enhancement of ability to scavenge iron from the environment) (see recent reviews by Straus, 1994; Ferreira & Straus, 1994; Carr & Mann, 1994) .
Iron deficiency causes substantial changes in the ultrastructure of thylakoid membranes including a decrease of phycobilisomes, as well as of the chlorophyll protein complexes of Ps I and Ps 11 in Synecbococctcs PCc 7942 (Guikema & Sherman, 1984 ; Pakrasi e t a/., 1985a, b) . Paralfel to the reduction of the major chlorophyll protein under conditions of iron limitation (Riethman & Sherman, 1988a, b) . It has been suggested that may function as an auxiliary light-harvesting complex that compensates for the loss of phycobilisornes during stress and may also function as a chlorophyll reservoir that contributes to the assembly of reaction centre complexes in the early stages of recovery from iron deficiency (Riethman & Sherman, 1988b) . Further investigations with Jjnechococcm PCC 7942 resulted in the identification of two iron-regulated genes: i r -A , encoding a protein located in the cytoplasmic membrane and presumably involved in iron acquisition or storage (Reddy eb d., 1988) ; and mapA, encoding a protein of unknown function (Webb e t al., 1994) . IrpA was shown to be essential for growth under Fe-deficient conditions, while MapA was shown to be not essential. In the marine cyanobacterium Synechucucczls PCC 7002 an iron-repressible operon, isiAB, was identified that contains a gene predicted to encode a chlorophyll-binding protein and a flavodoxin (Leonhardt & Strauss, 1992) . IsiA was also shown to be expressed under iron deficiency in the freshwater cyanobacterium J'ynechococmf PCC 7942 (the calculated molecular mass of the gene product was given as 36.8 kDa) (Laudenbach & Straus, 1988) and in the nitrogen-fixing cyanobacterium Anabaena sp. PCC 7 120 (Leonhardt 81 Straus, 1994) . Insertional inactivation of the 2'siAB operon in Synedmocccss PCC 7942 resulted in loss of CPVI-4 expression, implying that iSiA encodes a component of the CPVI-4 complex (Burnap e t a] ., 1333).
Although iron uptake has been extensively studied, especially in Em3erichia cob (Braun & Hantke, 1991; Braun e t d , 1987) and to some extent also in cyanobacteria (Straus, 1994) (Walzlein & Pistorius, 1991) ; Mn deficiency : the medium contained no manganese ; nitrogen deficiency : the medium contained no nitrogen source ; salt stress : the medium contained 0.68 M NaCl; heat stress: cells were grown in the regular medium for 2 d at 40 "C or for 2 d at 42 "C or 6 h at 45 "C after 2 d of regular growth at 30 O C . Where indicated, antibiotics were added at the following concentrations: 10 mg ampicillin 1-l or 25 mg kanamycin 1-la Cyanobacterial growth was either determined as pl packed cell volume or as increase in optical density at 750 nm. Exherichid cob DH5aMCR (Grant eh a/., 1990) was cultivated at 37 "C in LB medium (Miller, 1972) or on PA plates containing, in 1 1 distilled water, 17.5 g antibiotic mehum no. 3 {assay broth, Oxoid) and 16.0 g bacteriological agar (Oxoid). Where indicated, antibiotics were added at the following concentrations : 150 mg ampicillin 1-1 and 50 mg kanamycin I-l.
Preparation of
French press extracts, isolation of membranes, periplasm and spheroplast fraction. Cells were grown €or 2 d under regular growth conditions (nitrate as nitrogen source, cultivated in gas wash bottles containing 250 rnl medium, see above), harvested by centrifugation, washed once either with phosphate buffer or with sucrose-containing medium (see below) and then resuspended to give a cell density of 1 0 0~1 cells rn1-l. Subsequently the cells were broken by treatment in a French press at 138 MPa. Unbroken cells were removed by centrifugation for 5 min at 4000g (Sorvall SS34), and the supernatant was referred to as French press extract, When photosynthetic activities were measured, the cells were washed with 50 mM HEPES/NaOH, pH 6.5, containing 50 mM CaCl, and 400 mM sucrose, and resuspended in the same medium. Otherwise the cells were washed and resuspended in 10 mM sodium phosphate buffer, pH 7.0.
Isolation of the outer cell membrane, cytoplasmic membrane and thylakoid membrane of ,9mchucucms PCC 6301 was ac- at 138 MPa (twice) and the membranous fraction was subsequently removed by centrifugation for 3 h at 160000 g (Beckman, Ti6O). The soluble protein fraction obtained was dialysed against 25 mM Tris/HCl, pH 8.2, containing 10 mM NaCl and chromatographed on a DEAE Sephacel column. Elution of IdiA was achieved with a linear gradient of 10 500 mM NaCl in thc cquilibration buft;cr. After dialysirig the fractions containing IdiA (detected by immunoblotring) against 25 m M MES/NaOH, pH 6.0, containing 10 mM NaCl, the sample was chromatographed on a Monos column coupled to FPLC (Pharmacia). Elution of IdiA was achieved with a linear gradient of 10-500 mM NaCl in the equilibration buffer. IdiA eluted from this column at an NaCl concentration of 250 mM.
Measurements of PSI and PS II activities. PS I and PS 11 activities were determined by (I2 exchange in French press extracts using a Clark-type electrode as described previously (Michel & Pistorius, 1992) . For PS I measurements the reaction mixture contained, in a total volume of 1-9 ml, 54 mM HEPES/NaOH, pH 7.0, 0-4 mM KCN, 0.17 mM methylviologen, 3.3 mhl sodium ascorbate, 80 PM 2,G-dichlorophenolindophenol, 10 plvl 3-(3,4-dichloro-phenyl)-1,1 -dimethylurea and French press extract corresponding to 10 pg Chl. For PS I1 measurements the reaction mixture contained, in a total volume of 1-9 ml, 54 rnM HEPES/NaOH, pH 7-0, 33 mM CaCl,, 16.7 mM sucrose, 1-7 mM potassium ferricyanide and French press extract corresponding to 10 pg Chl.
Protein determination, SDSPAGE and immunoblotting.
Protein was determined according to Smith e l al. (1985) . SDS-PAGE was performed according to Laernmli (1970) or Schagger 8r van Jagow (1987) . Protein samples for SDS-PAGE were denatured either at 70 "C for 15 min (Laemmli system) or at 100 "C for 5 min (Schagger & von Jagox7 system). Immunoblotting was done as described by Michel 81 Pistorius (1992) by transferring proteins to nitrocellulose (Schleicher and Schull, BA8.5) and with the following previously raised antisera : antiIdiA antiserum (Michel & Pistorius, 1902) , anti-Dl and anti-MSP antiserum (bhgels c t a/., 1992). As the second antiserum, peroxidase-coupled anti-rabbit immunogIobulins/HRP (D AKO Chemicals; dilution 1 : 5001, was used.
Protein sequencing. For N-terminal sequencing, IdiA was concentrated in a Centricon 3 tube (Amicon) at 4 "C (coated with 0-1 YO Tween 20; Pierce, sequencing grade). Subsequently, 0-2 nmol of the protein were sequenced on a pulsed liquid-phase sequenator model 477 A with HPLC system 320A (Applied Biosystems) as described by Bokenkamp e t ul. :1994). To obtain additional endogenous amino acid sequences, IdiA was treated with endopeptidase Lys-C (Achromobacter lytictds, Wako Chemicals) or with endopeptidase Glu C (Staph_ylo~oc~~ a m w V8, sequencing grade, Boehringer Mannheim). For Lys-C cleavage, 2.75 pg Lys-C and 55 pg IdiA were incubated in 50 p1 0-1 11.1 Tris/HCl, pH 9.0, 1 mM EDTA and 0.1 YO Triton X-100 (hydrogenated, Calbiochem). After incubation for 15 h at 30 *C, 400 pl 10 mM Tris/HCl, pH 8.0, containing 6 M guanidinohydrochloride, 6 pl 88% (v/v) formic acid and 2.5 pl 1 M dithiothreitol were added, and the sample was chromatographed on an Aquapore PR300 (C8) reverse-phase column (31) x 2.1 mm, Rrownlee/Applied Biosystcms) using a microhr-lre 140A HPLC system (Applied Biosystems) with on-line UV detection at 215 nm. Peptides were separated at 100 pl min-' using (argon-purged) solvents h (0.1 YO trifluoroacetic acid in H,O) and B (GO % acetonitrile, 20 YO 2-propanol and 0-085 % trifluoroacetic acid in H,O) as follows : linear gradient 1-10 % B fur 1 min, linear gradient 10-2UYo B for 9 min, linear gradient 20-50 % B for 45 min, linear gradient 50-80 'YO €3 for 15 min, linear gradient 80-99 YO I3 for 5 min, and finally 99 oh B for 20 min. Peptides were sampled manually, frozen and stored at -880 O C . For Glu-C: cleavage, 1 nmol IdiA protein was buffcrexchanged with 100 mM (NH,),CO,, pH 7.8, and concentrated tu 50 pl in a Centricon 3. The sample was made 0.1 % in SDS and heated to 95 "C for 5 min. Endopeptidase Glu-C was added at a ratio of 1 :20 (Glu-C sample), and the sample was digested at room temperature for 20 h. SDS-PAGE and immunoblotting to I-'roBlott PVDF membranes, as well as sequencing from the membranes were performed as described by BGkenkamp e t a/. (1994) .
Oligonucleotide synthesis. The following oligonucleotide was designed on the basis of a partial amino acid sequence of IdiA from the N-terminal region utilizing a codon usage dictionary of Synechococc,w PCC 6301 /7942: 5'-TG TA(T/C) TCG GG(T/C) CG(C/G> CAC TA(T/C) AAC: AC(G/C) GA-3'. The oligonucleotide was synthesized with an Applied Biosystcms DNA synthesizer model 380H using the phosphoramidite method (Beaucage & Caruthers, 1981 ; Matteucci & Caruthers, 1981) and purified as recommended by the manufacturcr. The oligonucleotide was labelled with the ' DIG oligonuclcotide 3' end labeling kit' and detected with the 'DIG DNA labeling and detection kit' (Boehringer).
DNA isolation, cloning, sequencing and analysis. Plasmid pSVB30 was used in this study (Arnold & Puhler, 1988) . The details of the pSVB30 derivatives constructed in this work are given below and in the legend to Fig. 5 .
Total DNA of Synechococms PCC 6301 was isolated by the Sarkospl method and purified by the phenol extraction procedure (William, 1988; Sambrook et ol., 1989) . DNA was digested with HkdIII and size fractionated on agarose gels. The fragments were recovered by using the ' Jetsorb gel extraction k i t ' from Genomed. A 0-7 kb EmRI PsdI fragment and a 2. Cloning procedures, Southern blotting, and other recombinant DNA methods were performed using established techniques (Sambrook et a/., 1989) . Subclones of the resulting hybrid
plasmid were made by using the Pharrnacia Double stranded nested deletion kit. Overlapping subclones were used for sequencing o n an ALF Sequencer (Pharmacia). The enzymes used in this study were purchased from Boehringer, Bethesda Research Laboratories or Pharrnacia. All reactions were performed following the recommendations of the corresponding manufacturer.
Nucleic acid sequences were analysed using the Staden Software package (Staden, 1986) . Analysis of the deduced protein sequencc was performed with the program ' PC/Gene ' (Rel, 6-80, 1993, IntelliCenctics) . Related protein sequences were searched in the SwissProt and GenBank databases using the ' BLAST' software (Altschul c t a/., 1990). (Bockholt et al., 1991) . 
RESULTS AND DISCUSSION

Growth conditions leading to expression of ldiA
For these experiments Sjncchacoccw PCC 6301 was grown under regular growth conditions for 2d, then washed with distilled water, and transferred into either a medium depleted of Fe o r Mn, containing a reduced Mg2+/Caz+ concentration, or containing ammonium instead of nitrate as nitrogen source, or no nitrogen source. The cells were also exposed to elevated temperatures or elevated NaCl concentrations (salt stress) (see Methods). After a growth period of 2 d o r several 2 d periods under the respective conditions [see legend of Fig. 11 , the cells were harvested, washed and resuspended in 10 m M sodium phosphate buffer, pH 7, broken by treatment in a French press, and the extract was submitted to SDS-PAGE and immunoblotting. IdiA was hardly detectable when cells were grown on nitrate under regular growth conditions (Fig. 1,  lane A) . These cells were taken from stock cultures growing slowly in test tubes under low light intensities. When these cells were grown over a prolonged period under our regular experimental growth conditions, a small amount of IdiA was observed (lane €3). The highest expression of IdiA was observed under iron deficiency (Fig. 1, lane C ; Debus, 1992) or Mgz+/Ca2+ deficiency, which also leads to substantial reduction of PS I1 activity (Walzlein & Pistorius, 1991) .
Small amounts of IdiA also accumulate in fast-growing cultures (with nitrate or ammonium as nitrogen source) under iron-sufficient conditions (Fig. 1, lanes R and G) . This is most likely due to a kinetically limited Fe uptake from BG 11 medium in fast growing cultures resuiting in a lowered internal level of Fe and thus causing partial derepression of idiA. ._ extracted by using an osmotic shock procedure which disrupts the outer cell-membrane in Gram-negative bacteria (Block 81 Grossman, 1988) . N o IdiA protein could be detected in the soluble protein frraction after osmotic shock in spheroplasts which still had an intact inner cell membrane (cells cultivated for 1 or 2 d in Fe-deficient medium), indicating that IdiA is not a soluble protein in the periplasm (Fig. 2 , lanes C and D>. However, when cells were cultivated over a prolonged period under iron starvation ( 2 3 d), IdiA was partially released after osmotic shock (Fig. 2, lanes E and F) . Under these conditions release of phycobiliproteins was also detected (by measuring absorbance spectra) in the soluble protein fraction, indicating that after prolonged Fe starvation the osmotic shock procedure damaged the cytoplasmic membrane.
Examination of subccllular fractions in imrnunoblot experiments revealed Idih in the thylakoid fraction and in a fraction containing thylakoid membranes as well as phycobilisomes (Fig. 3, lanes 2 and 3) , but no IdiA was detected in fractions corresponding to the cytoplasmic or outer cell membrane. The fractions containing IdiA also contained the PS I1 polypeptides D1 and MSP.
Partial amino acid sequence of the ldiA protein from Synechococcus PCC 6301
IdiA was purified from thylakoid membrane preparations of Jyrmhcoccza PCC 6301 grown under Fe-deficient conditions. N-terminal sequencing yielded an amino acid sequence of 18 amino acid residues with alanine as the N- terminal amino acid residue (Table 1 ). In addition, IdiA was submitted to protealysis with the endopeptidases Lys-C and Glu-C, The N-terminal amino acid sequence of these prmeolytic fragments of ldiA arc summarized in Table 1 . N-terminal sequencing of IdiA isolated from the soluble protein fraction gave a contiguous amino acid sequence of 12 residues which was identical to that for the thylakoid-membrane-associated IdiA. Thus, both purifications gave a procein which starts with an alanine.
Characterization of the gene encoding ldiA from
Synechococcus PCC 6301
The presence of a single copy of the putative id.i-4 gene of .~''&IOCUGCJLJ PCC 6301 was detected using an uligonucleotide designed on the basis of an amino acid sequence from the N-terminal region of IdiA (see Methods) (Fig.  4) . The oligonucleotide hybridized with a 5.4 kb Hind111 fragment, which was isolated from a size-fractionated gene bank based on vector plasmid pSVA30. The physical map of this 5.4 kb fragment in plasmid pI.IPM24 is shown in Fig. 5 fragment contains three ORFs (one being incomplete) and the gene encoding IdiA (Fig. 5b) . The idL4 gene (GC content 54.08 mol%) has a putarive translational start at base position 723 with a GTG codon and terminates at base position 1712 with a TAA stop codon, encoding a protein of 330 amino acids in length with a predicted molecular mass of 36167 Da (Fig. 6) . The amino acid sequence derived from the DNA sequence includes all of the partial amino acid sequences obtained from proteolytic peptides of IdiA (Table 1, Fig. 6 ). There were n o differences, thus allowing the conclusion that the correct gene encoding IdiA had been identified.
Comparison of the N-terminal sequence of IdiA obtained by protein sequencing with that deduced from the DNA sequence of the i d i A gene showed that the mature protein (starting with alanine) is nine amino acid residues shorter than the protein deduced from the DNA sequence data (starting with raline). IdiA is most likely processed between two alanine residues at positions 9 and 10 (resulting in a calculated molecular mass of 35 009 Da ; the apparent molecular mass obtained by SDS-PAGE corresponds to 34 kDa). Since IdiA isolated from thylakoid membrane preparations and from the soluble protein fraction starts with alanine and not with valine, we conclude that the IdiA jn the cell is present primarily in the processed form. However, preliminary results indicate that a minor amount of an unprocessed form of IdiA also seems to be present in the cell, since a protein with an apparent molecular mass of about 35 kDa was N-terminal blocked and could be detected with the anti-IdiA antiserum.
I d i h has n o typical prokaryotic signal sequence, although it is apparently synthesized as a precursor protein. The isoelectric point is 10-68 and 10-55 for the unprocessed and processed forms, respectively, which is consistent with the behaviour of IdiA during purification; it bound more tightly to cation-than to anion-exchange columns. ldiA is classified as a peripheral protein having no On: Tue, 11 Dec 2018 14:36:06
AC
TTTCCTAOTGTAAATGCATCACARCCTATCTCTACCCT
~C G T C Q G G A C T T T I T G T~G G L . G G G A C A G C T C T C G C C G G~~G C T A T T A~C G A T~G T~
T r , C ' I G A C T G G G C G C C G T C G G G~A G A A G C T G C T G C T G~G G T G~G T C A A T T~C~G~~ V T G R R R A E A A E G E V N L Y S G G G C A C T A C A A C A C C G A C A A T C A G A T C T A T C G G G A A T T C A G B H Y N T D N D T Y R E F T D K T G I K T C A A T C T A R T T G A A G G T G A R G C C A C T G C A C T T T T A G C C C G T~T C~G~~G G C A G C C
Y N L T R O E A T A L L A R L K S E G S GCAGCCCGGCAGATGTTTTCATTACGGTTGATGCGGGGCGCCTTTGGC~GCGACTCMG
B S P A D V F I T V D A G B L W Q A T Q
C C A A C C T G C T C A O R C C A C T G A C T~G C C C A A G C T C C G A A
A N L L R P L T Q A Q A P K L Y O A V E C ; A A T C n ; C~C~G G C -A C G T T G G T T M C C T T~~C T~~~C~~~~~G~C~A G T C A~A
A N L R D P O G R W F A L S K R A R V T T G T A C M C C G C G A T C G C G T C P A T G C T A G C C A G C n ; T C T R C C
M Y N E n R V I T A S O L S T Y E D L A N CAZAATGGCGCMTCAAATCCTCGTGCGCAGTTCCAGCAACGTCTATAACCTCTCCTTGA P K W R N Q I L V R S S S N V Y N L S L C C U ; G T G A G A T G A T T G C T G C G G~T G G T~C G G C C~C~A G~C T T G~C G C G G G G G C T T G T G S B I A A D G A A K T E A W B R 3 L R W I T C C~C T T T G C G C G T C C C C C A A~T G G A G A T A C C C C G C~T T G C T G C T T G C G C C G
Y O N F R R Q P Q G G D T P Q I A A C A
CGCrGTGTCQOCTCTCTOGCAATTGCCRACACCTACTATTTGCGTGCGTCTCTT~GTCGA
A G V G S L A I A N T Y Y L V R L F K S
ARAAAGCAGRAGAGCGGGAAGCTGWGALQ2ATTAAADTCTTCTTCCCCAACCAG
K K A B E R E A A R K I K V F P P N O K G~CGGGGCACCCACGTCAATCAGCGGTGC~GCATCGT~~CACGGCCCCGAATCCAC ~R G T W V N K S G A G I V R T A P N P G G O C T G C T C M C T G T T A C T G G A G T A C C T G C T C A G T A G C C P B A A Q L L L E Y L L S S Q A Q A V F A GAGGCAATGGTGAATATCCAGTCTTGCGTCCCCTCTCGCTC~ATCCGATTTTGGCA~CT B G N G E Y P V L R G V S L D P I L A G ~T~T C~~C~~T C~T C A G T G C C~C A G T C
F G Q F K E S K I S A S V F G A N N A O
C C C T G C A G T T G A T G G A T C G T G C T G G C T G G R A A T A A G A C G T C T C C
A L Q L M D B A G H K * T C T C T A C A G C A A C G C G C G C T G T~A~G G A G T T T T P T A T~A T A T T G A T A~G T~T G~
TCGAAGAACTAGGACATTTTMT~CACTCATCAGCCT~GTCGATGATC~TATCGG
C T A A C T T T A C T C A C T C A C A T T~A C T~~~A~T G A G T C C T ~GCGTCTTCGTTTQTAACTGCTn;ATGGGCGATCGCTTAGGCAT~ATGGCATC~TCG
GTAGGAGCTGATCGRTG'ITGGTGAATCAGCAGTCGCTGAC~CT~GTCGGATCAGTCSN C C ' I T C C G T P T C A R A C T G A T T G A T C A G C T T G G T F A T G G T G TCGGCGAGGACCTGATGGGTGAGATGGAWTCTAGCATCCAGCC-
region of the ~J Z A B operon (Laudenbach & Straus, 'l988; Straus, 1994 protein, Map A, of unknown function from JynechococL-zls PCC 7942 (Webb et al., 1994) (data not shown). 
